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Liu, Q., Rand, T.A., Kalidas, S., Du, F., Kim, H.-E., Smith, D.P., and tor is coupled to G proteins and its activation results
Wang, X. (2003). Science 301, 1925–1928. among other things, in increases in cAMP, activation of
Llave, C., Xie, Z., Kasschau, K.D., and Carrington, J.C. (2002). Sci- PKA and phosphorylation of CREB, events that have
ence 297, 2053–2056. previously been implicated in memory consolidation
Pham, J.W., Pellino, J.L., Lee, Y.S., Carthew, R.W., and Sontheimer, (Matynia et al., 2002). However, the elegant studies by
E.J. (2004). Cell 117, this issue, 83–94. Murchison et al. (2004) show that norepinephrine func-
tion is also involved in memory retrieval.
The authors used a knockout of the gene encoding
dopamine -hydroxylase (Dbh), the enzyme responsible
for converting dopamine to norepinephrine (an interme-
diate in the synthesis of epinephrine). The knockout mice
release dopamine from cells that would normally releaseMolecular and Cellular Cognition:
norepinephrine or epinephrine. Behavioral analysisThe Unraveling of Memory Retrieval showed that the Dbh/ mice have specific deficits in
fear conditioning. In this memory task, animals learn to
associate a cue (or conditioned stimulus) with a foot-
shock. Interestingly, the Dbh/ mice show normal toneWhile the study of molecular and cellular cognition
conditioning, in which the conditioned stimulus is a tonehas begun to elucidate the mechanisms of acquisition,
paired with foot-shock, but impaired contextual condi-consolidation, and storage of memories, the under-
tioning. In this type of conditioning, the conditionedstanding of retrieval has lagged behind. In this issue
stimulus is the context (i.e., the conditioning chamber)of Cell, Murchison et al. (2004) use molecular genetic
in which the animal receives the foot-shock. A popularapproaches combined with pharmacology to demon-
hypothesis proposes that the hippocampus processesstrate that -adrenergic receptor function regulates
information about the context and then feeds this intoretrieval of certain forms of memory.
the amygdala where it is associated with foot-shock.
Since the mutants show normal tone conditioning, theirAlthough acquisition, consolidation, storage, and re-
contextual conditioning deficits could not be due to ab-trieval are the bedrock of studies of memory, retrieval
normalities in either shock sensitivity, release of norepi-has always been a poor fourth cousin. The visionary
nephrine from the periphery, motor responses to condi-Richard Semon coined the words “engram” to reflect
tioning, or general amygdala deficits. Abnormalities inthe physical changes in brain that encode the memory
these phenomena would have affected both tone andtrace and “ecphory” to refer specifically to events during
contextual conditioning. These and other results dem-retrieval that are engaged in the recovery of a specific
onstrated that the Dbh/ mutation affected hippocam-memory, rather than events that are required to organize
pal memory. But, is this deficit due to impairments inmemory retrieval itself. It is important to realize that
acquisition, consolidation, storage, or retrieval?the complex events underlying retrieval are not static;
Remarkably, Murchison et al. (2004) showed that the
neurobiological and psychological data indicate that the
contextual conditioning deficits of the mutants could
processes that access and reactivate stored engrams
be rescued by injection of L-DOPS (a Dbh-independent
are dynamic and can result in dramatic changes in the
synthetic amino acid precursor of norepinephrine) prior
information stored (see for example, Nader, 2003). The to testing, but not by injection prior to training. This
study by Murchison et al. (2004) in this issue reinforces unexpected result demonstrated that the contextual
emerging evidence that retrieval has tractable molecular memory deficit of the mutants was not due to deficits
components and that it can be studied separately from in either acquisition, consolidation, or storage, but was
acquisition, consolidation, or storage (Mansuy et al., rather caused by faulty retrieval. Providing L-DOPS im-
1998). mediately before retrieval restores noradrenergic func-
Norepinephrine is not a stranger to the study of molec- tion and rescues this process, demonstrating that in the
ular and cellular cognition. A prominent theory of norepi- absence of norepinephrine the Dbh/ mice can acquire,
nephrine function in learning and memory has held that consolidate, and store contextual information normally.
the memory strengthening effect of emotion is due to This result is a departure from previous molecular stud-
noradrenergic action at -receptors in the basolateral ies of retrieval, where involvement in this phenomenon
amygdala. (Cahill and McGaugh, 1998). In this model, was always inferred from loss of function studies (see
the peripheral release of epinephrine during emotionally for example, Mansuy et al., 1998). Thus, it has been
charged events, leads to the activation of -noradrener- difficult to determine whether failures in retrieval are the
gic receptors in the amygdala and subsequent strength- result of temporary alterations of the engram caused
ening of memory in multiple brain regions. by the molecular manipulations used, or by deficits in
However, norepinephrine plays other roles in the retrieval per se.
brain. For example, noradrenergic activity is required Convergent evidence from genetic and pharmacologi-
for LTP in certain brain regions (Stanton and Sarvey, cal approaches is an emerging gold standard in molecu-
1985), a model of the synaptic changes required for lar and cellular cognition studies. Accordingly, Murchi-
learning. Thus, noradrenergic function is thought to have son et al. (2004) show that -receptor antagonists
a role in the acquisition of new information. The source delivered specifically into the hippocampus prior to test-
of hippocampal norepinephrine is the locus coeruleus, ing could also impair contextual memory retrieval (see
which responds to novelty by releasing norepinephrine also Barros et al., 2001). In contrast, infusions in cortex
or into the lateral ventricles, which contact many otherthroughout the forebrain (Sara et al., 1994). The -recep-
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brain structures, had no impact on retrieval, attesting
to the neuroanatomic specificity of the manipulation.
These and other results led to the conclusion that the
memory deficits in the Dbh/ mice are due to impair-
ments in the activation of norepinephrine -receptors
in the hippocampus during retrieval. Importantly, Mur-
chison et al. (2004) show that the role of norepinephrine
in retrieval appears to apply to other types of hippocam-
pal-dependent memory, and to other rodent species,
and therefore, may be a general feature of hippocampal-
dependent memory function.
An intriguing feature of the authors’ results is the sug-
gestion that norepinephrine has a time-limited role in
retrieval; one week post training the Dbh/ mice appear
to show normal retrieval, even in the continued absence
of noradrenergic activity. Interestingly, studies in ro-
dents, including mice, have shown that the hippocam-
pus has a temporary role in contextual memory storage,
and that within 1–3 weeks of training, contextual memo-
ries seem to become dependent on cortical storage sites
(see for example, Bontempi et al., 1999 and Frankland et
al., 2001). Thus, these results also make the provocative
suggestion that noradrenergic function is required for
memory ecphory of hippocampal, but not cortical-
dependent memories.
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